By using a binary vector system, we examined the requirements for border sequences in T-DNA transformation of plant genomes. Mini-T plasmids consisting of small replicons with different extents of pTiT37 T-DNA were tested for plant tumor-inducing ability in Agrobacterium tumefaciens strain LBA4404 containing helper plasmid pAL4404 (which encodes virulence genes needed for T-DNA transfer). Assays of these bacteria on carrot disks, Kalanchoe leaves, and SR1 Nicotiana tabacum plantlets showed that mini-T plasmid containing full length T-DNA including left and right borders was highly virulent, as were mini-T plasmids containing all onc (oncogenicity) genes and only the right border. In contrast, mini-T plasmids containing all onc genes and only the left border induced tumors only rarely, and a mini-T plasmid containing all onc genes but no T-DNA borders was completely avirulent. Southern hybridization analyses of tumor DNA showed that T-DNA border sequences delimited the extent of the two-border mini-T plasmid transferred and integrated into the plant genome. When only one T-DNA border was present, it formed one end of the transferred DNA, and the other end mapped in the vector sequences. The implications of these results for the mechanism of T-DNA transfer and integration are discussed.
Crown gall tumors are produced on dicotyledonous plants upon inoculation of Agrobacterium tumefaciens into a wound site. The molecular basis of the disease is the transfer and integration into the plant genome of a specific segment of the Ti (tumor inducing) plasmid harbored by the virulent bacteria (9, 25, 41) . The transferred segment of DNA is referred to as T-DNA. The expression of T-DNA-encoded onc genes in the transformed tissue results in tumorous growth (13, 19) and the synthesis of novel metabolites called opines (27, 34) . Recently, the T-DNA oncogenes have been shown to code for enzymes involved in the biosyntheses of the phytohormones indoleacetic acid (an auxin) (21, 33, 40) and isopentenyladenine (a cytokinin) (1, 4) .
In addition to the onc genes, two features of the Ti plasmid are significant to T-DNA transformation of plant cells. The first, the virulence (Vir) region (13, 19, 31) , maps outside, to the left, of the T-DNA and contains at least six complementation groups (16, 23) . Mutations at these loci can abolish T-DNA transformation. Transcription of the vir genes is stimulated when agrobacteria are treated with plant cell extracts or exudates (39) . Such induction properties suggest the involvement of vir functions in T-DNA transfer from agrobacterium to the plant cell.
The second feature of the Ti plasmid significant to the transformation process is a signal sequence at each border of the T-DNA. Sequence studies of the T-DNA border regions from several independent tumor lines show that T-DNA on the Ti plasmid is flanked by 25-base-pair (bp) imperfect direct repeat sequences. The ends of the T-DNAs are precisely defined with respect to these 25-bp sequences (37, 43, 44) . In tumors induced by nopaline-type Ti plasmids, whose T-DNA borders have been studied most extensively, the right ends of T-DNAs from three independent tumor lines are within 3 bp of the right 25-bp sequence and the left ends are all within 100 bp of the left 25-bp sequence (44) .
Mutational studies have provided direct evidence of the importance of the right border region in T-DNA transformation. In nopaline-type Ti plasmids, deletions of the T-DNA right border region resulted in attenuation or abolition (22, 30, 42) of transformation activity. Conversely, in insertion experiments, a fragment containing the nopaline T-DNA right border sequences was shown to be capable of promoting the transfer and integration of adjacent sequences from several locations around the Ti plasmid into the plant genome (7) . Two recent studies show that a critical structure within the nopaline T-DNA right border region is the 25-bp sequence (36, 42) . Ti plasmids with parts or the whole of the right 25-bp sequence deleted were avirulent or strongly diminished in virulence.
The importance of the left border region in T-DNA transformation remains unclear. The conservation of 25-bp direct repeat sequences at the ends of T-DNAs and the demonstrated importance of the 25-bp sequence in the nopaline T-DNA right border region would argue for some role for all 25 -bp sequences and border regions in T-DNA transformation. Yet, deletions of the left border region from nopaline Ti plasmids had no effect on T-DNA transformation (22) .
Here, we present the first in a series of studies investigating the roles of the two border regions in promoting T-DNA transformation by using the binary transformation system of de Framond et al. (11) and Hoekema et al. (17) . In the binary system, the T-region, the region containing the T-DNA, and the vir genes are located on separate replicons. Thus, T-DNA transformation from the T-region occurs when the vir functions are provided in trans (11, 17) . Separating the T-region onto a small replicon has two advantages for these investigations. First, the small size facilitates the manipulation of the T-DNA borders. Second, the simpler structure of a smaller replicon facilitates the analysis of the T-DNA structures in the tumors.
In this study, the differences between the T-DNA right and left border regions of the nopaline-type Ti pTiT37 T-DNA were constructed in the virulence helper strain A. tumefaciens LBA4404 (11, 17, 30) . The abilities of these mini-T plasmids to transfer and integrate their oncogenes were examined by assaying for their tumorigenicity on plant cells. The results showed that mini-T plasmids containing a single T-DNA border region -were transformationally active and that mini-T plasmids containing only the left border region were significantly less virulent than those containing both border regions or those containing only the right border region. Analyses of the T-DNA structures of the mini-T plasmid-induced tumors showed that each border region could delimit an end of the transforming DNA from the mini-T plasmids and that each border region could do so in the absence of the other.
MATERUILS AND METHODS
Plasmids and bacterial strains. The bacterial strains and plasmids used in this study are listed in Table 1 .
Bacterial growth conditions. Escherichia coli strains were grown in LB broth or on LB agar (26) . A. tumefaciens strains were grown in YEP broth, AB minimal medium, or AB minimal agar (8) . To select for drug-resistant E. coli strains, antibiotics were used at the following concentrations: carbenicillin, 100 ,ug/ml; tetracycline, 15 ,ug/ml; and streptomycin, 30 ,g/ml. Carbenicillin was used at a concentration of 10 ,ug/ml to select for resistant isolates of A. tumefaciens strain LBA4404. All antibiotics used in this study were purchased from Sigma Chemical Co., St. Louis, Mo.
Plant assays. Virulence assays on carrot disks were carried out as follows. Fresh carrot roots obtained from the supermarket were surface sterilized by scrubbing in water, followed by two 15-min washes in 20% Clorox bleach and 4 to 5 washes with sterile water. The sterilized carrots were cut into approximately 1-cm-thick slices. The slices were placed apical side up on water agar (7 g/liter) plates. For each disk, approximately 2 mm3 of freshly grown A. tumefaciens was removed from an AB minimal agar plate with a flat-ended toothpick and applied uniformly to the top surface of the carrot disk. The petri plates with the inoculated disks were incubated in a growth chamber. After 1 week of incubation, the lids of the petri plates were sealed with parafilm for the remainder of the assay. Results were scored 2 to 3 weeks after the inoculation. Virulence assays on Kalanchoe daigremontiana leaves were carried out essentially as previously described (13) . The topmost immature leaves of 1-month-old plantlets were surface sterilized with ethanol. Incisions approximately 2 cm long were made on the top surfaces of the leaves with a sterile scalpel, and approximately 2 mm3 of freshly grown A. tumefaciens was applied to each wound with toothpicks. The results were scored from 2 weeks to 2 months after inoculation.'Virulence assays on Nicotiana tabacum SR1 plantlets were carried out as follows. Axenically propagated 1-month-old plantlets were decapitated, and approximately 2 mm3 of freshly grown A. tumefaciens was applied to the wound with toothpicks. Results were scored 1 month after inoculation. Each strain was tested in at least three separate assays.
Carrot tumors were excised from disks 1 month after inoculation and grown on Murashige and Skoog medium (28) solidified with 0.7% phytoagar (GIBCO'Laboratories, Grand
Island, N.Y.) supplemented with 500 jig/ml each of carbenicillin (Sigma) and vancomycin (Sigma). The tumors were passaged monthly; the calli were fractured with forceps or Analysis of DNA. Enzymes were purchased from New England BioLabs, Inc., Beverly, Mass.; Bethesda Research Laboratories, Inc., Gaithersburg, Md.; or Boehringer Mannheim Biochemicals, Indianapolis, Ind., and were used as previously described (26) . Restriction enzyme-digested DNA samples were analyzed by electrophoresis in submerged agarose gels (0.7 to 1.5%) made with either TBE or TAE buffers (26) . DNA fragments in the gels were visualized by ethidium bromide staining and UV illumination as previously described (26) .
Nitrocellulose blots of agarose gels were prepared by the method of Southern (38) Nitrocellulose filters were baked for 2 to 3 h at 80°C under vacuum. Filter hybridizations and washes were carried out as described previously (20) (26) .
Construction of cosmid clone bank of Ti plasmid pTiT37. pTiT37 DNA was partially digested with BamHI. The digest was size fractionated on a sucrose gradient, and the 35-to 45-kilobase (kb) fragments were isolated as previously described (26) . The cloning of these fragaments into the pHC79 cosmid vector, the in vitro packaging of the cosmids, and the transduction of the cosmids into HB101 host were performed as previously described (20) .
Construction of borderless plasmid pOT16. Mini Fig.  1 . From this bank, several clones containing the T-DNA core fragments and the adjacent fragments with the T-DNA borders were identified. One clone, pLJ2, contained the T-DNA core and both the right and left border regions. Three clones, pLJ14, pLJ43, and pLJ67, contained the right border region and different extents of the T-DNA core. Two clones, pLJ126 and pLJ127, contained the T-DNA core and the left border region (Fig. 1) . As ing just the T-DNA core fragments was not found in the cosmid clone bank, because the total length of BamHI fragments that constitute the pTiT37 T-DNA core is less than 20 kb, well below the minimal 32-kb insert size required for cosmid cloning with the pHC79 vector. To obtain a clone containing only the T-DNA core fragments, pHC79 was used as a plasmid vector to clone BamHI partial digest fragments of the Mini-Ti plasmid (11) . One isolate, pOT16, containing the desired insert was identified (Fig. 1) .
The pHC79 constructs contain the pMB-1 replicon (6) We verified the presence of cointegrates in the LBA4404 transconjugants by Southern hybridization analysis of plasmid preparations resolved on agarose gels. The Southern blots were hybridized separately with radiolabeled pHC79, pRK325, and pAL4404 probes. In the cases examined, the pHC79 and pRK325 probes hybridized to the same DNA bands, which were all distinct from those that hybridized with the pAL4404 probe. The cointegrate plasmids were designated as mini-T plasmids because of their T-DNA inserts. The scheme for forming the mini-T plasmids and the general structure of the mini-T plasmids are shown in Fig. 2 .
Virulence of mini-T plasmids. The virulence of strain LBA4404 containing the mini-T plasmids was assayed on carrot disks. The virulence activity was scored based upon the number of distinct tumors formed and, in the cases of aggregated tumors, the size of the aggregate ( Table 2 ). The mini-T plasmids exhibited three different levels of virulence activity. Three mini-T plasmids containing the T-DNA core fragments with the oncogenes and both border regions (pLJS2) or only the right border region (pLJS14 and pLJS43) were highly virulent. In contrast, mini-T plasmids containing T-DNA core fragments with the oncogenes and only the left border region (pLJS126 and pLJS127) were only weakly virulent. Mini-T plasmid pOTS16 with all the onc genes and no border regions was avirulent, as was pLJS67, the mini-T plasmid containing the right border region but missing the onc genes from the tms and tmr loci (22, 29) . Photographs showing examples of virulence differences are presented in Fig. 3 . We also examined the virulence of the mini-T plasmids by using the kalanchoe leaf assay and the N. tabacum SR1 plantlet assay. The results of these studies were identical to those of the carrot disk assay with respect to the relative virulence of the different mini-T plasmids (data not shown).
T-DNA of carrot tumors. The structures of the transferred DNAs (the T-DNAs) from one tumor line induced by each of the three types of mini-T plasmid were examined by Southern hybridization analysis. The tumors examined were induced by the two-border pLJS2, by the right-border-only pLJS14, and by the left-border-only pLJS126, respectively. DNAs from normal carrot root and from carrot tumor induced by A. tumefaciens strain A208, which contains the wild type pTiT37 plasmid, were included in these studies as controls. The DNA was prepared from uncloned tumor tissues which consisted of aggregates of many independently transformed tumor cells. The DNA was digested with either HindIII or BamHI and probed with 32P-labeled pLJ2 plasmid DNA (Fig. 4) . In this experiment, the normal carrot DNA showed only weak hybridization to a single band that was of the same size as the band immediately above the HindIII fragment 15 Fig. 1 ).
e.g., LJS2 tumors were induced by the pLJS2 mini-T plasmid).
Two-border mini-T plasmid transferred T-DNA between borders. The LJS2 and the A208 tumor DNAs (Fig. 4, [Fig. 4, lanes 2 through 5] ) and showed no hybridization corresponding to the two fragments flanking this group, HindIII fragment 10 on the left and HindIII fragment 23 on the right. These patterns suggested that the T-DNAs of these tumors were continuous segments with ends in HindIII fragments 10 and 23. (The basis for concluding that HindIII fragment 23 was absent in these and LJS14 and LJS126 tumor DNAs is given below).
Right-border-only mini-T plasmid transferred T-DNA extending leftward into vector. The LJS14 tumor DNA showed hybridization corresponding to HindIlI fragments "14b", 19, 41, 22, 31, and A (Fig. 4, lane 4) . The absence of an intact HindIII fragment 23 in LJS14 tumor DNA (see below) suggests that HindIII fragment 23 contains one end of the LJS14 T-DNA. Based upon fragment size and Southern hybridization analysis, we have determined that Hindlll fragment A is a fusion fragment formed in the joining of BamHI fragment 23a to the 0.37-kb BamHI-HindIII fragment of pHC79 in pLJ14 (G. C. Jen, unpublished data). Its presence in LJS14 tumor DNA indicates that the other end of the LJS14 T-DNA extends beyond the Ti plasmid sequences and into the vector sequences of the pLJS14 cointegrate.
Left-border-only mini-T plasmid transferred T-DNA rightward into vector. The LJS126 tumor DNA showed hybridization corresponding to HindIII fragments 15, "14b", 19, 41, 22, 31, and B (Fig. 4, lane 3) . The absence of hybridization to intact Hindlll fragment 10 suggested that one end of the LJS126 T-DNA was in HindIII fragment 10 . Based upon fragment size and Southern hybridization analysis, we have determined that HindlIl fragment B is a fusion fragment formed in the joining of BamHI fragment 14a and the 0.37-kb BamHI-HindIII fragment of pHC79 in pLJ126 (G. C. Jen, unpublished data). Its presence in the LJS126 tumor DNA indicates that the right end of the LJS126 T-DNA extends beyond the Ti plasmid sequences and into the vector sequences.
BamHI digests confirmed the presence of HindIII fragment 22, not fragment 23. Our conclusion that the tumor DNAs contained HindIII fragment 22 and not HindIll fragment 23 was based on two observations. First, in the tumor DNAs (Fig. 4, lanes 3, 4, 5, and 6 ), the intensity of the band in the HindIII fragment 22/23 region relative to those of the other T-DNA bands was approximately one-half of the intensity of 41 41 the same band in the pLJ2 reconstructions (Fig. 4, lanes 1  and 2) . This difference indicated that only one fragment of the HindIII 22/23 doublet was present in the tumor DNAs. Second, BamHI fragment 14a was present in all of the tumor DNAs (see below), indicating that HindIII fragment 22 must have been present in the tumor DNAs and not fragment 23.
The hybridization of BamHI-digested DNA with pLJ2 probe showed that all the tumor DNAs had hybridization corresponding only to BamHI fragments 23a, 36, 9, 37, and 14a (data not shown). Notably absent among the BamHIdigested LJS tumor DNAs was any hybridization that could correspond to the intact pHC79 vector fragment. These results were consistent with and supported the conclusions reached in the analysis of hybridization of HindIll digests.
pRK325 DNA formed part of LJS14 T-DNA. We examined the tumor DNAs for the presence of pRK325 sequences to further define the T-DNAs of tumors induced by the singlebordered mini-T plasmids. Figure 5 shows the results of the Southern hybridization experiment ofBamHI-digested DNA probed with radiolabeled pMO25 plasmid DNA. The pMO25 plasmid is essentially a deletion derivative of pRK290, the progenitor of pRK325 (W. Barnes, unpublished data). We used pMO25 as the probe for pRK325 sequences because it did not cross-hybridize to normal carrot DNA as did the pRK290 and pRK325 plasmids (G. C. Jen, unpublished observations). The LJS14 tumor DNA showed hybridization corresponding to an intact pRK325 (Fig. 5, lane 3) , whereas DNA from normal carrot tissue and from LJS2 and LJS126 tumors did not show any hybridization to pMO25 (Fig. 5) . The presence of intact pRK325 sequences in LJS14 tumor indicated that its T-DNA extended through the pRK325 sequences. The full extent of the LJS14 T-DNA remains unknown. However, the absence of intact pHC79 and HindIII fragment 33 (Fig. 4, lane 4) indicated that the entire pLJS14 sequence was not transferred and integrated into the plant genome and that the LJS14 T-DNA presumably terminated in the pHC79 sequences. The absence of intact pRK325 sequences and the presence of HindIII fragment B and BamHI fragment 14a in the LJS126 tumor indicated that its T-DNA extended through the Ti plasmid sequences and terminated in the pRK325 sequences. Diagrams of the extent of the LJS2, LJS14, and LJS126 T-DNAs are shown in Fig.  6 .
In the hybridization experiments, we detected in the tumor DNAs discrete bands other than those discussed above. Because the relative intensities of all these bands were lower than those of the T-DNA fragments, we interpreted these to be T-DNA-plant DNA border fragments. Their limited number furnishes evidence of either preferential insertion sites in the plant genome or clonal selection for stably transformed tissue in culture. DISCUSSION T-DNA border regions can individually effect T-DNA transformation. The results presented here demonstrate that border regions are essential for transformation of the host plant by T-DNA of mini-T plasmids. A mini-T plasmid containing all T-DNA onc genes but no T-DNA borders is completely avirulent. Individually, right and left border regions of nopaline Ti plasmid T-DNA can promote T-DNA transformation by mini-T plasmids, although the left border region does so far less efficiently than the right border region. These findings are consistent with results of studies with intact nopaline Ti plasmids, which showed that the right border region of T-DNA can promote T-DNA transformation when the left border region is deleted (22) , but that, in general, the left border region does not do so in the absence of the right border region (19, 22, 42) . One rare case of T-DNA transformation by a pTiT37 plasmid containing only the left border region produced abnormal "rooty' tumors; based on DNA sequence of the Ti plasmid, a false right border within the tmr locus is proposed to have produced tumors containing defective T-DNA (15) .
Southern hybridization analysis of our tumor DNAs clearly showed that T-DNA transformation occurred in tumors induced by a mini-T plasmid containing only a left border region or only a right border region. Intact T-DNA core fragments encoding the onc genes were found in the DNAs of tumors induced by the various mini-T plasmids. This result demonstrates that the proposed false border in the tmr locus (see above) was not utilized in T-DNA transformation by the left-border-only mini-T plasmids and suggests that the low level of virulence of these mini-T plasmids reflects low activity of the left border region in effecting T-DNA transformation.
Basis of activity difference between the left and right border regions. The 25-bp repeat sequence appears to be essential for the transformational activities of the border regions (36, 42) . There are several potentially significant differences between the nopaline T-DNA left and right border regions. First, the sequences of 25-bp repeats at the left and right borders differ by four bases (43, 44) . These sequence differences could critically affect the activity of the border repeats in promoting T-DNA transformation. Second, the orientation and the position of the 25-bp repeat sequences relative to the onc genes are opposite for left and right border regions. These differences could be critical if T-DNA transformation involves directional processes as has been suggested (7, 32, 42) . Third, sequences flanking the 25-bp repeats are different for each border (37, 43, 44) . These sequences could affect the activities of the two 25-bp repeats differently. Peralta and Ream (32) have found that sequences to the right of the right-border repeat of octopine TL-DNA enhance transformation efficiency. Thus the difference in activity between the left and right borders of nopaline T-DNA could have been caused by the presence of similar enhancing sequences at the right border but not at the left border. Alternatively, the weaker activity of the left border could have been caused by the presence of suppressing sequences.
T-DNA borders could individually delimit a terminus of VOL. 166, 1986 ..i. .. T-DNA. Southern analysis of tumor DNAs revealed that the T-DNAs from mini-T plasmids were continuous segments delimited at one or both ends by signals contained within the border regions of pTiT37 T-DNA. The T-DNA of a twoborder mini-T plasmid, pLJS2, that contained full-length pTiT37 T-DNA was identical to the T-DNA of the intact Ti plasmid. Thus, the border repeats that delimited the T-DNA of native Ti plasmids worked in a similar, presumably identical, manner to T-DNA transformations from twoborder mini-T plasmids. In tumors induced by single-border mini-T plasmids, one end of T-DNA was within the T-DNA border region and the other end was in vector sequences.
Activities of mini-T plasmids are inconsistent with the circular intermediate hypothesis of Koukolikova-Nicola et al. (24) . In A. tumefaciens cocultivated with plant cells, a circular DNA molecule containing T-DNA and a single hybrid copy of the 25-bp repeat sequence has been rescue cloned by E. coli transformation and cosmid packaging (24) . The authors propose that the circle is formed by recombination between the 25-bp imperfect direct repeat sequences flanking T-DNA.
Our findings are difficult to reconcile with a closed circular intermediate in the transformation process. The singleborder mini-T plasmids contained only one copy of the 25-bp repeat sequence, and therefore cannot recombine via the 25-bp repeats to form the proposed circular intermediate structure. Yet, the single-border mini-T plarsmids were transformationally active. The existence of sequences homologous to the 25-bp repeat sequence elsewhere in the mini-T plasmid could be hypothesized; these could function as secondary recombination sites to produce a circular intermediate. The high virulence of the right-border-only mini-T plasmids (2; this study) and Ti plasmids (22) , however, are not easily explained by this mechanism, for one would expect the secondary sequences to be rare in occurrence and inefficient in recombination.
It is possible that the single-border mini-T plasmids, because of their structural resemblance to the proposed intermediate, might function as if they are intermediates in the transformation process. This explanation is problematical in two respects. (24, 43, 44 ). Yet, the nopaline right-border-only mini-T plasmids were highly virulent, while the nopaline left-border-only mini-T plasmids were only weakly virulent.
These inconsistencies argue that the rescue-cloned structure, if it is a transformation intermediate, is not a covalently closed circle equivalent to our mini-T plasmids. Because the circles were detected by cloning, a process which can affect structure, the intermediate may actually have a different form (linear or nicked circular) that is rescue clonable from A. tumefaciens after induction by plant exudate.
